Ontario's Stormwater Management, Planning and Design Manual released in March 2003 integrates some of the advancements made in stormwater management since the 1994 version of the Manual was published. Perhaps the most significant update is the recognition of in-stream erosion control and water balance objectives in addition to flood and water quality objectives for stormwater management. Specific design criteria which would allow these objectives to be achieved are not set out, but procedures that can assist in the development of criteria based on local watershed and receiving water conditions are described. While refinements will undoubtedly be needed, approaches to designing end-of-pipe facilities to prevent undesirable geomorphic changes are included. Approaches to protect groundwater and baseflow characteristics are also included although guidance on addressing potential trade-offs between groundwater quantity and quality is an additional challenge for the future. Little design guidance is available in Ontario on techniques to mitigate impacts on wetlands, however, developments from other jurisdictions may be transferable. The 2003 Manual promotes an integrated, treatment train approach to stormwater management that emphasizes prevention first, followed by lot-level and conveyance controls and finally, endof-pipe controls. Some information on better site design techniques is incorporated but in comparison to other jurisdictions, less emphasis has been placed on low-impact development strategies. Ontario's approach to design for water quality (suspended solids) control has evolved little. To complement the prevention and treatment train philosophy, the removal efficiency approach to sizing end-of-pipe facilities needs to be used in conjunction with effluent criteria and/or minimum requirements for source protection. Significant advancements in stormwater modelling over the last decade are not well reflected in the Manual; the limited discussion of modelling focusses on an event-based approach. Whether event or continuous modelling is utilized, Ontario practitioners will need guidance on adapting input data to account for the anticipated effects of climate change. Development of sound guidance on monitoring increasingly complex, multi-objective stormwater management systems and the ecosystems they are designed to protect will be critical to ensure that the knowledge gained from performance evaluations may continue to be utilized to refine the design and management of stormwater systems.
Introduction
Stormwater management is needed to mitigate the effects of urbanization and impacts on receiving waters. Technical guidance on stormwater management planning and design is widely used by stormwater practitioners. Evolution of this technical guidance is necessitated as design criteria evolve to better address the needs of humans and aquatic ecosystems, hydrologic and hydraulic analysis techniques and models are advanced; and designs of stormwater management practices are refined to improve their ability to meet design criteria.
Stormwater management has been practiced in Ontario for flood control purposes since the 1970s. Stormwater quality treatment has been required since the early 1990s (Ontario Ministry of Environment and Energy and Ontario Ministry of Natural Resources 1991). Ontario's Stormwater Management Planning and Design Manual, released in March 2003, updates the 1994 version of the Manual. This paper discusses the extent to which advances made in stormwater management have been incorporated in the updated guidance, with a focus on the evolution of design criteria and overall approaches for stormwater management. Ontario guidance is contrasted with that of other jurisdictions recognized as leaders in stormwater management, namely Maryland and Washington State. Some areas in which future progress on stormwater management guidance could improve opportunities to mitigate receiving water impacts are identified.
The Need for Stormwater Management
Urban development has serious consequences for aquatic ecosystems. Development alters the local hydrologic cycle. With site clearing and grading, vegetation that intercepted rainfall and natural depressions that temporarily stored water are lost and native soils are compacted. Under these conditions, erosion is a serious concern and rainfall is rapidly converted into stormwater runoff. With the construction of impervious surfaces such as roads, driveways, parking lots and roof tops, hydrological alterations intensify.
Impervious surfaces decrease the amount of water that infiltrates into the ground, increase the volumes of stormwater runoff, and speed the delivery of runoff to streams or other receptors, resulting in a variety of environmental impacts. In humid climates, groundwater levels and stream baseflows tend to decline, whereas the magnitude of storm flows and the frequency of bankfull flows increase (e.g., McCuen and Moglen 1988) . These alterations to stream hydrology accelerate erosion resulting in unstable stream channels and changes to the physical habitat of streams. Increased runoff and reduced stream baseflows alter stream water temperature regimes. Impervious surfaces also accumulate pollutants, such as lawn fertilizers, residues from tires, and road salt, which are collected and transported by storm runoff, impacting the quality of water and sediments. Together, these changes in hydrology, stream form, temperature regime, and water and sediment quality adversely affect biological communities, for example by contributing to the disappearance of sensitive species of fish and invertebrates from aquatic communities (e.g., Urbonas and Jones 2002; Burton and Pitt 2002) .
Stormwater management facilities are not expected to be able to eliminate these impacts (Blaha et al. 2002; Horner et al. 2002) but are required to mitigate the effects of urbanization. Hence the objectives of stormwater management have expanded from an early focus on preventing increased flood risk to include: protecting ground and surface water quality; preventing increases in stream channel erosion; maintaining groundwater flow and stream baseflow; and ultimately, protecting aquatic habitat and the associated species. These objectives and their priority will vary from location to location.
Stormwater Management Planning and Design Guidance
Most jurisdictions at a state or provincial level have guidelines or standards for stormwater management. Such documents provide local governments, senior government agencies, project proponents and consultants with technically sound guidance on stormwater management planning and design. These documents usually contain minimum requirements which may not be adequate for all settings, and agencies with jurisdiction can typically require more stringent measures if deemed necessary for the protection of receiving waters. Local agencies are expected to place stormwater management requirements in the context of broader watershed plans. Watershed planning is widely practiced in Ontario and the Ontario Ministry of the Environment (2003) Manual strongly advocates this approach. Adherence to "guidance" may be made mandatory through incorporation into by-laws and other tools available to local municipalities or through permits and other authorizations issued by government agencies.
A provincial stormwater management guidance manual offers the benefit of providing some level of consistency between jurisdictions. There is considerable demand for this technical guidance. The goal is to provide recommended approaches and tools that are simple enough to be applied by qualified practitioners with a range of experience and resources at their disposal, while still being effective. A common criticism of technical guidance manuals is that they are used as cookbooks. Guidance manuals must never become a substitute for critical thinking, sound understanding of hydrological and hydraulic fundamentals, and careful consideration of the ecological effects of stormwater management. Personnel do not become experienced and competent by equipping them with design guidelines.
Another criticism of guidance manuals is that they tend to stifle innovation and promote cookie-cutter designs. It is true that widely accepted analysis techniques and management practices, with some degree of demonstrated effectiveness, are favoured. However, in many cases alternative solutions will be considered provided that proponents can demonstrate that they can meet performance objectives. Manuals can be slow to respond to new research findings due to the rapid evolution of the stormwater management field and the time it takes to produce government documents which must go through lengthy review processes. In Ontario, requirements by local agencies have sometimes preceded the adoption of formal provincial guidelines. Some manuals (e.g., New York State Department of Environmental Conservation 2001) provide specific criteria which must be met for the addition of practices to future manual revisions. Criteria include the number of systems and the number of storm events which must be monitored as well as the data which must be collected and the results which must be achieved.
Reconsidering Stormwater Management Design Criteria
Continual refinement of the designs of stormwater management practices is important for improving their ability to meet design criteria. However, critical evaluation and advancement of the design criteria themselves is also needed to ensure that the multiple stormwater management objectives can be met. The design criteria, to the extent that they are set out in the Ontario Ministry of the Environment (2003) Manual, are compared to those specified by other leading jurisdictions that attempt to address the full range of stormwater man-agement objectives needed to sustain aquatic ecosystem integrity. Additional considerations for future adaptations of design criteria are also discussed.
Flood Control
Increased runoff, together with rapid conveyance in urban areas, results in increased peak streamflows, particularly during the summer and fall. Winter and spring runoff may not change dramatically because pre-development runoff may be high due to frozen or saturated soils. Increased peak flow rates increase risks to life and property and may threaten the integrity of stormwater management facilities themselves. Criteria to manage risks to life and property commonly specify that maximum peak flow rates must not exceed predevelopment levels for storms with return periods ranging from 2 to 100 years. These are the criteria cited in Ontario Ministry of the Environment (2003) . Some local jurisdictions in Ontario compare the results of a 100-year event with those of a regional storm to select the most critical flood flow criterion, which may vary along a watercourse. Some jurisdictions indicate that control of the 100-year event may be waived if no downstream development is located or will be located within the 100-year floodplain (e.g., New York State Department of Environmental Conservation 2001). Ontario Ministry of the Environment (2003) also indicates the need for broader scale modelling to evaluate the impact of site-attenuated runoff on downstream flow peaks and the results of local studies may support a more or less stringent level of control than stated in Ontario Ministry of the Environment (2003) .
Moderate and high flows have important ecological functions: flushing of fine sediments accumulated between coarser streambed materials; maintenance of channel features such as river bars and riffle-pool sequences; preventing encroachment of vegetation into the stream; maintenance of riparian wetlands and biogeochemical processes; and providing connectivity with biophysical habitats outside of the stream channel (Poff et al. 1997) .
There is increasing recognition that maintaining pre-development frequency, timing and duration of high flows of various magnitudes is necessary to sustain aquatic ecosystem integrity. There is opportunity to enhance stormwater management design criteria for management of high flows to better address such ecosystem needs. Further research is planned to evaluate the ability of stormwater management practices to meet such criteria.
Channel Protection
Following urbanization, stream channels experience more bankfull and sub-bankfull flow events each year than under pre-development conditions. Consequently, the beds and banks of urban streams are exposed to erosive flows more frequently and for longer durations. In response, these streams undergo geomorphic changes including channel widening and down cutting and loss of pool and riffle structure.
Some jurisdictions attempted to provide some degree of channel protection through a design criterion requiring reduction of the peak flow from the two-year storm to pre-development levels (New York State Department of Environmental Conservation 2001). The two-year storm was adopted as the design event because it was often found to correspond to the bankfull stage. The bankfull flow performs the most work, in terms of sediment moved, and consequently, it was believed to be the flow responsible for forming the channel.
Research has, however, shown that this approach does not adequately protect stream channels (MacRae 1996) . Channel form is not the result of any single event but rather the consequence of the sum of forces exerted on the boundary by a range of events, from about mid-bankfull to the bankfull event. Following development, mid-bankfull flows occur much more frequently such that they become the events controlling channel form. In fact, controlling the two-year event may exacerbate streambank erosion: although the peak flow is lower, it is extended over a longer period of time increasing the duration of erosive flows (McCuen and Moglen 1988) .
Some jurisdictions have changed the requirement to extended detention (12 or 24 hour) of the one-year, 24-hour storm event (e.g., Maryland Department of the Environment 2000). Washington State has changed the flow control standard from a peak flow matching to a flow duration matching criterion: "Stormwater discharges shall match developed discharge durations to predeveloped durations for the range of predeveloped discharge rates from 50% of the 2-year peak flow up to the full 50-year peak flow." To design flow control facilities and assess compliance with the new flow duration criterion, a continuous simulation model is required (Washington State Department of Ecology 2001). Fifty percent of the 2-year flow event was identified as a threshold for incipient bed load movement based on examination of empirical relationships between return frequency and initiation of sediment transport for several watersheds (Sovern and MacDonald 2002) . This approach will require much larger stormwater detention facilities than would be the case using conventional sizing criteria (Sovern and MacDonald 2002) . Washington State Department of Ecology acknowledges this but indicates that the increased costs may be offset where infiltration can be accomplished. Sovern and MacDonald (2002) caution that under certain geologic and climatic conditions, infiltrated water may be routed to the receiving water dur-ing the managed runoff period resulting in flows greater than the threshold for sediment movement.
Ontario Ministry of the Environment (2003) does not specify channel protection criteria but does provide procedural guidance including a detailed approach to develop design criteria for channel protection. Geomorphic thresholds for channel stability and requirements for habitat protection may be identified and design criteria set to achieve the in-stream targets. Channel boundary materials and the degree of historic impact on the channel may be taken into consideration in this approach. The distributed runoff control (DRC) method is a useful tool for outlet design. Mid-bankfull flows are targeted by the DRC method for the greatest level of hydraulic routing. Appendix J of New York State Department of Environmental Conservation (2001) also provides guidance on the application of detailed geomorphic assessments and the direct runoff control methodology. While refinements to the approaches will undoubtedly be required, the new guidance included in the Ontario Ministry of the Environment (2003) Manual represents significant advances in stormwater management for channel protection.
Whereas inadequate control results in too much erosive power causing channel enlargement and other associated effects, excessive flow control could reduce a stream's ability to transport sediment resulting in poor substrate condition and channel aggradation. As the discussion of flood control criteria mentioned, moderate to high flows are periodically required to fulfill ecological functions in stream ecosystems. Bledsoe (2002) also points out that although addressing changes in flow regime is critical for improved management, sediment delivery to the channel must also be considered.
Water Quality

Volumetric criteria for total suspended solids removal
Criteria for water quality design flow rates are best described by Washington State Department of Ecology (2001). For design of BMPs that are sized based on the volume of runoff, Washington State Department of Ecology (2001) specifies the 6-month, 24-hour storm as the water quality design storm. This storm has been found to be about 72% of the 2-year, 24-hour rainfall amount for western Washington. Storms (24 hour) up to and including the 6-month, 24-hour storm produced about 91% of the historical runoff volume in western Washington. Beyond this volume it was determined that incremental costs of additional treatment capacity exceeded the benefits.
Similarly, Maryland Department of the Environment (2000) and New York State Department of Environmental Conservation (2001) specify the water quality treatment volume as that required to capture and treat 90% of the average annual stormwater runoff volumes. However, Maryland and New York provide a simplified approach for determining the water quality treatment volume based on rainfall depth (determined from isopluvial maps for the jurisdictions), a volumetric runoff coefficient (which can be determined from site imperviousness alone) and site area.
Water quality storage requirements specified in Ontario Ministry of the Environment (2003) were not revised from the 1994 Manual. They are based on long-term continuous hydrologic simulation (using the SWMM model) to account for the combined effects of a series of storms over a period of time in determining volumetric quality criteria. The sediment removal efficiency of stormwater management ponds was estimated using the SWMM model flow predictions and a pond sedimentation model (POND).
The major limitations of the POND model were that it adopted a particle size distribution recommended by the U.S. EPA which may not be representative of Ontario conditions and it assumed a fixed particle size distribution for suspended solids loading for all storms and for all regions of the province of Ontario. However, regional variations in suspended sediment loadings can be expected due to local soil properties, local wind velocities, soil erosion and sediment control practices, and local storm intensity-duration characteristics. Hollingworth et al. (1999) developed closed form expressions for the long-term pollutant removal efficiency of stormwater ponds. They found that proper descriptions of the particle sizes were critical and that the particle size distribution in the surface sediments was close to those of the suspended solids in the stormwater. Further work is recommended to assess the applicability of the U.S. EPA particle size distribution for Ontario conditions. If necessary, the modelling should be repeated using a more representative distribution.
In addition, the POND model uses a crude lumped method for determining the settling condition. Dynamic and quiescent settling conditions may exist simultaneously in different zones in a stormwater management pond during a storm event depending on the geometry of the pond and location of the inlet and outlet of the pond. The water quality storage requirements are meant to be used in conjunction with facility design guidelines in an attempt to provide some consistency in the ability of facilities to achieve the intended performance. Pond performance monitoring data (Meek and Liang 1998; discussed later in this paper) have shown that some ponds are meeting or exceeding the expected percent sediment removal. Nevertheless, the authors believe that the POND model estimates can be improved by taking into account regional variations in suspended sediment loading properties such as particle size distribution and tendency for flocculation, as well as the effect of the pond geometry, inlet/outlet locations, and maintenance interval on its sediment removal performance efficiency; a project to account for such factors in predicting sediment removal efficiency is currently underway.
Ontario's volumetric criteria differ in several ways from those used in other jurisdictions: the importance of a permanent pool is recognized by specifying a maximum active storage volume relative to the total volume; volumetric requirements vary between stormwater management practice types; and volumetric criteria vary with the level of protection (long-term percent removal of suspended solids) required to maintain or enhance existing aquatic habitat. It is not clear why the design guidance for individual stormwater management practices include different approaches for sizing storage volumes: maximum storage volume for infiltration trenches and pervious pipes equal to the runoff from a 4-hour, 15-mm storm; maximum storage volume for soakaway pits equal to the rooftop runoff from a 4-hour, 20-mm storm.
Performance criteria for removal efficiency. Eighty percent suspended solids removal is a commonly cited performance criterion for water quality treatment facilities. This "achievable" removal efficiency appears to be a common basis for many of the water quality criteria specified in terms of volumes, detention times and so on. However, a criterion specified in terms of removal efficiency is not sufficient to ensure that effluent concentrations and loadings are within acceptable ranges. Used on its own it could actually discourage source controls capable of reducing influent concentrations of suspended solids. Used in conjunction with effluent limits which may be specified in "permits," or in conjunction with minimum requirements for source controls, better environmental outcomes may be expected. Specific receiving water requirements may be considered in setting appropriate effluent limits.
Even more serious concerns are raised when the Ontario guidelines are applied to design of sediment ponds for control of construction phase impacts. For example, where the Ontario Ministry of the Environment (2003) guideline targets sediment removal efficiencies, it refers to runoff that is characteristic of urban stormwater runoff from fully developed areas, not construction site runoff. A recent survey in the Greater Toronto Area (GTA) demonstrated that about 25% of the stormwater management ponds (SWMPs) monitored had sediment accumulation that reduced treatment capacities to unacceptably low levels (Nemeth 2003) . The average annual sediment accumulation rates in SWMPs in the GTA for facilities located in catchments subject to active or recent construction is estimated around 10 m 3 ha -1 year -1 . Therefore, even if the SWMP could meet the sediment removal efficiency targets of 80% the absolute concentration of suspended sediment in runoff discharged to receiving waters would frequently exceed desired levels during the construction phase. Ontario Ministry of the Environment (2003) focusses on mitigation of water quality impacts from the second phase of urbanization, when washing off of accumulated deposits from impervious areas during storms becomes an important source of contaminants. Other Ontario publications (e.g., Ontario Ministry of Transportation 1997; Ontario Ministry of the Environment 1995) provide some guidance for prevention and mitigation of the effects of construction activities but improved design guidance is needed for stormwater management facilities which will be utilized during the construction period.
Criteria for phosphorus and other water quality parameters. Maryland Department of the Environment (2000) requires structural BMPs used for new development to be designed to remove 40% of the average annual post-development total phosphorus (TP) load in addition to 80% of the average annual post-development total suspended solids (TSS) load. It is presumed that a BMP sized to capture the prescribed water quality volume, designed according to the guidance specified in the manual and properly constructed and maintained will comply with the TSS and TP performance standards. Maryland Department of the Environment (2000) only recognizes five categories of structural stormwater management practices capable of meeting these water quality performance criteria: stormwater ponds; stormwater wetlands; infiltration practices; filtering practices; and open channel practices. Other practices not specifically identified within these categories do not qualify for stand-alone practices for treatment of the full water quality volume or have not demonstrated an acceptable longevity in the field.
Despite widespread eutrophication of receiving waters, Ontario Ministry of the Environment (2003) does not include performance criteria with respect to total phosphorus. It continues to be the assumption that "first-order" impacts of stormwater runoff are primarily related to suspended solids and that removal of suspended solids will also remove nutrients, metals and other contaminants associated with the solids. Sharpley (1980) observed that eroded sediments usually have much higher phosphorus content compared to the topsoil in the upland source area due to selective processes of erosion and transport of clay and silt size particles. Therefore, in many non-point source models such as CREAMS (Knisel 1980) , SWAT (Arnold et al. 1998 ) and AGNPS (Young et al. 1985) a term "phosphorus enrichment ratio" has been used to quantify the increase in sediment-bound P content in the eroded sediment compared to that in the upland area topsoil.
As the runoff from the upland source area enters stormwater management facilities, coarser sediments are deposited more readily than fine sediments. Therefore, suspended sediments in runoff leaving a stormwater management facility would contain a higher proportion of clay and silt compared to the proportion of fines in suspended sediments entering the facility from the upland source area. Fine particles have significantly higher specific surface area (surface area per unit weight) and capacity to bind with phosphorus compared to coarse particles (Storm et al. 1988) . Therefore, even when 80% sediment removal efficiency is achieved in a stormwater management pond, the 20% of the suspended sediment not removed is often the very fine particles that contain the bulk of the phosphorus and other sediment-bound contaminants (e.g., copper and zinc). The mounting evidence of impacts from nutrients, metals, and other toxicants associated with the fine fraction of suspended solids and in soluble forms would suggest that there is a need to revisit the adequacy of water quality criteria specified entirely in terms of suspended solids removal. There are also heightened concerns about the risks that road salts pose to aquatic ecosystems (Department of the Environment and Department of Health 2001).
Ontario does at least acknowledge that concerns about bacteria and temperature due to local conditions (such as discharge to a coldwater stream) may necessitate additional water quality criteria and designs may merit special features. Maryland Department of the Environment (2000) further indicates that the use of stormwater ponds on cold water streams capable of supporting trout may be prohibited.
Groundwater Recharge
Groundwater is a critical resource across the province. Groundwater quantity needs to be maintained for residents that depend upon groundwater for their drinking water and for aquatic ecosystems that are sustained by groundwater discharges. Stormwater management practices must counteract the decreased infiltration and recharge associated with urban development. However, urban land uses and activities have the potential to degrade groundwater quality (e.g., Fischer et al. 2003; Pitt et al. 1996) . Threats to groundwater quality must be considered and addressed in the planning and design of stormwater management practices aimed at achieving recharge objectives.
Criteria for groundwater recharge have been included in many of the recent stormwater management guidance documents released. In most cases the criterion is to maintain pre-development groundwater recharge rates following development (e.g., Maryland Department of the Environment 2000). Ontario Ministry of the Environment (2003) recognizes the potential impact that loss of recharge may have on a groundwater system but does not specify what proportion of pre-development recharge should be maintained. In the absence of better information, the more closely predevelopment conditions can be replicated, the better. The maximum acceptable deviation from the natural conditions will depend on location within the watershed (e.g., proximity to headwaters) and the ecological functions which need to be sustained.
Maryland Department of the Environment (2000) provides an approach for calculating an annual recharge volume requirement based on average annual recharge volumes for various soil types (as provided by the USDA) and the annual rainfall in the state. This volume may be used to design infiltration practices to meet the criterion.
Ontario Ministry of the Environment (2003) recommends using a groundwater modelling approach to determine appropriate recharge criteria if adequate data are available to characterize the subsurface system. This allows the effects of the quantity of recharge and its spatial distribution to be assessed. A groundwater model, once developed, may also be used to evaluate alternative mitigation techniques.
If data cannot support a more sophisticated approach, the Ontario guidance is to use a similar approach to that described for New York which calculates an annual infiltration volume for pre-development conditions based on an infiltration factor that accounts for site topography, soils and cover.
The natural hydrologic cycle can be maintained to the greatest extent possible with lot-level infiltration controls. While recharge volume objectives may be met with infiltration of stormwater collected from larger areas in end-of-pipe facilities such as infiltration basins, this concentrated infiltration will not match the characteristics of distributed infiltration which occurred under pre-development conditions. Infiltration of runoff near its source, before it has had the opportunity to interact with urban surfaces where contaminants tend to accumulate, also helps to avoid the conflict between groundwater quantity and quality objectives. The treatment train approach described in the following section is critical to achieving groundwater objectives.
If infiltration technologies are used to achieve water quality and channel protection objectives, post-development recharge could exceed pre-development levels. Infiltration BMPs are currently underutilized so this is not typically identified as a problem; but implications of increased recharge should also be considered if there is a future swing towards infiltration BMPs as a preferred alternative. Other approaches, like green roofs, that help to restore interception and evaporation may allow better replication of pre-development hydrology while achieving other management objectives.
Criteria for Other Receiving Waters: Wetlands
Urbanization has the potential to modify the physical and chemical conditions of wetlands, which in turn may alter the biological communities and ecological functions of the wetlands. Modifications may be the result of changes in the hydrologic cycle or the direct effects of stormwater runoff. Watershed planning is needed to ensure overall decisions regarding land use and stormwater management achieve optimum resource protection benefits, including streams, groundwater aquifers and wetlands. Little technical guidance related to the protection of wetlands is available in Ontario.
In regards to wetland water quantity, attempting to match the natural, pre-development hydroperiod and hydrodynamics is critical. The hydroperiod is the seasonal pattern of water level fluctuations, including the frequency, timing and duration of various water level conditions. Further development of methodologies is required, however, the preferred method of estimating existing wetland hydroperiod is with the use of a continuous simulation model, calibrated with at least one year of continuous water level recording gauge data and run for the historical rainfall period (Washington State Department of Ecology 2001). Such a model may then be used to forecast future hydroperiods and differences may be compared.
The Puget Sound Wetlands and Stormwater Management Research Program performed comprehensive research aimed at developing strategies to protect wetland resources in urbanizing areas. This extensive work allowed specific guidelines on maximum acceptable deviations from the natural hydroperiod to be developed for the western Washington area. Nothing comparable to this exists for Ontario.
Wetlands are also extremely susceptible to changes in water quality, with the contaminants of most concern varying between wetland types. Washington State Department of Ecology (2001) provides specific management strategies to mitigate the impacts of urbanization on wetlands. Pollution prevention and treatment controls are important for maintaining water quality. Managing the wetland hydroperiod means control of flows from a development such that the wetland water table is within prescribed elevation ranges at different times of the year and short-term fluctuations are within allowable limits. For wetlands sustained by local groundwater systems, infiltration of stormwater runoff is critical if flow augmentation is to be avoided. If the volumes of runoff draining to a wetland are increased as a result of land conversion to impervious areas, it may be necessary to bypass water around the wetland during the wet season.
Treatment Train Approach
The Ontario Ministry of the Environment (2003) Manual promotes an integrated, treatment train approach to stormwater management that emphasizes prevention first, followed by lot-level and conveyance controls and finally, end-of-pipe controls. The manual does not focus on prevention techniques but recognizes that an overall stormwater management strategy may incorporate broader solutions than the practices described in the manual. It identifies such broader solutions as "elements of community design (e.g., reduced pavement width, compact building forms) or preventative measures that can be taken by individuals, businesses or government agencies (e.g., use of safer alternative products and methods, street cleaning, spill prevention and control)."
It is generally more cost effective to use source controls to prevent pollutants from entering stormwater, than to treat runoff to remove pollutants. As stated above, distributed infiltration practices can better replicate pre-development hydrology. However, source controls do not prevent all impacts, so additional measures are needed to mitigate the residual effects. For example, intensively applied better site design techniques may achieve levels of nutrient removal similar to structural practices for a variety of residential and commercial development sites. But, nutrient loading rates may approach pre-development levels if non-structural practices are used in conjunction with structural practices (Schueler and Caraco 2002) . A combination of controls is usually required to meet the multiple objectives of stormwater management. Lot-level controls are typically sized to achieve recharge and water quality benefits and although they may reduce the required size of downstream infrastructure, end-of-pipe facilities are usually still required to meet flood control criteria.
Similar to Ontario Ministry of the Environment (2003), Maryland Department of the Environment (2000) incorporates basic philosophical changes regarding stormwater management: "It is hoped that the design standards and environmental incentives provided [in the manual] will produce better methods and advance the science of managing stormwater by relying less on single BMPs for all development projects and more on mimicking existing hydrology through total site design policies. Additionally, the inherent philosophical change should produce smaller, less obtrusive facilities that are more aesthetically pleasing and less burdensome on those responsible for long-term maintenance and performance."
Incentives and Minimum Requirements for Low-Impact Development and Source Controls
Ontario Ministry of the Environment (2003) provides some guidance on how to quantify the reduction in the quantity of runoff which must be treated by end-of-pipe controls as a result of including preferred lot-level and conveyance practices in the treatment train. Maryland Department of the Environment (2000) goes further in explicitly identifying "credits" for natural area conservation; disconnection of rooftop and non-rooftop runoff; sheet flow to buffers; open channel use; and environmentally sensitive development. For example, if environmentally sensitive development techniques are applied (impervious cover kept below 15%; at least 25% designated as protected natural areas; rooftop runoff disconnected; grass channels used for conveyance) no structural controls are required for stormwater quality treatment except for roadway runoff.
Stormwater management ponds are widely used in Ontario. Although their use will continue to be needed in many situations, over-reliance on stormwater management ponds will not allow the integrity of aquatic ecosystems to be maintained. Other elements of the treatment train, pollution prevention and low impact development practices are also important to protect water quality, reduce runoff, recharge groundwater systems, maintain historic in-stream flows and reduce maintenance requirements. Ontario's Oak Ridges Moraine Conservation Plan (ORMCP) includes regulatory requirements such as: "Municipal development standards shall incorporate planning, design and construction practices that will, (a) reduce the portions of lots and sites that have impervious surfaces; …" and "A stormwater management plan shall provide for an integrated treatment train approach that uses a planned sequence of methods of controlling stormwater and keeping its impact to a minimum by techniques including, without limitation, (a) lot level controls such as devices and designs that direct roof discharge to rear yard ponding areas; …" (Ontario Ministry of Municipal Affairs and Housing 2002). These should provide incentive to move the state-of-the-practice towards incorporating better site design and infiltration type practices. In other areas of the province, there is a concern that without more attractive incentives or more explicit definition of minimum requirements, the evolution towards low impact development and source controls will be slow with undesirable implications for aquatic ecosystems.
Washington State Department of Ecology (2001) clearly sets out minimum requirements and their applicability depending upon the size and type of proposed project. In addition to requirements for runoff treatment and flow control, Washington has included minimum requirements for source control of pollution to prevent stormwater from coming into contact with pollutants. The objective of source control of pollution is to apply "all known, available and reasonable source control BMPs" to all projects. These source control BMPs include both operational and structural BMPs and a full volume of the Washington Manual is dedicated to describing these controls, including appropriate treatment BMPs for specific pollutant sources. Ontario Ministry of the Environment (2003) Washington also has a minimum requirement for on-site stormwater management to reduce the amount of disruption to the natural hydrologic characteristics of the site. Ordinances that address "the use of infiltration, with appropriate precautions, as the first consideration in stormwater management" are needed to comply with the 1991 Puget Sound Water Quality Management Plan. Roof downspout control BMPs are required onsite management techniques. Rooftop runoff is to be infiltrated if soils are permeable enough. If infiltration is not feasible, downspout dispersion systems are required. Connections to storm sewers are only acceptable for very small lots or cases where drainage problems on adjacent lots would otherwise be created. Washington State Department of Ecology (2001) further recognizes that such BMPs are not sufficient to prevent alteration to the local hydrologic cycle and recommends that local government look for opportunities to encourage and require other techniques such as better site design that minimizes impervious area, porous pavement that promotes infiltration and use of on-site vegetation for runoff flow control and treatment.
More on Low-Impact Development
Land development as it is currently practiced is not compatible with sustainable ecosystems (e.g., Washington State Department of Ecology 2001). Ontario's ORMCP (Ontario Ministry of Municipal Affairs and Housing 2002) suggests upper limits on impervious areas (10% of subwatershed) and lower limits on the cover of natural vegetation (30% of subwatershed). These limits were viewed as important owing to the numerous studies demonstrating a predictive relationship between the degree of subwatershed urbanized (or directly connected imperviousness) and the ecological condition of streams and the fact that the relationship is especially strong for headwater streams (Walsh and Breen 1999; Booth and Reinelt 1993; Schueler and Galli 1992) . Depending upon pre-development conditions, vegetation and soil layer changes are important factors as well and are only partly accounted for in measures of imperviousness (Strecker 2002) .
These factors are addressed in the class of techniques referred to as low impact development (LID). LID includes minimization of impervious cover, conservation of natural areas but also protection and restoration of native soils and vegetation. It includes many non-structural practices but also structural controls directed at distribution of stormwater treatment on individual development sites (e.g., Puget Sound Action Team 2003).
As Strecker (2002) points out, the goal of minimizing impervious cover should be pursued "within the context of reducing imperviousness without necessarily encouraging more urban sprawl. The ORMCP does not require approval authorities to meet limits on imperviousness and natural areas within Settlement Areas, but rather requires them to consider the importance of 'keeping to a minimum impervious surfaces and their impact on water quality and quantity' and 'ensuring that natural vegetation is maintained, and where possible improved or restored.'"
Protection of Groundwater Quality
Although maintaining recharge to prevent disruption to the hydrologic cycle is extremely important to maintaining the integrity of aquatic ecosystems, so too is maintaining groundwater quality. Concerns about the potential for infiltrating stormwater runoff to degrade groundwater quality led to the prohibition in the ORMCP of "rapid infiltration basins and columns" as defined in the Plan.
The Ontario Ministry of the Environment (2003) Manual provides general caution that infiltration of contaminated water can impair groundwater quality. It suggests that in residential areas, roof and pervious area runoff may be infiltrated without pretreatment. Washington State Department of Ecology (2001) similarly includes the specification that: "Direct discharge of untreated stormwater from pollution-generating impervious surfaces to groundwater is prohibited, except for the discharge achieved by infiltration or dispersion of runoff from residential sites through the use of on-site stormwater management BMPs."
Instead of specifying what runoff can be infiltrated without treatment, Maryland Department of the Environment (2000) and New York State Department of Environmental Conservation (2001) specify that runoff from designated hotspot land uses and activities cannot be infiltrated without proper pretreatment. Maryland waives the groundwater recharge criterion for these hotspots. Ontario Ministry of the Environment (2003) suggests that infiltration technologies are not suitable for industrial land uses or commercial parking lots.
Washington State Department of Ecology (2001) requires identification of aquifer protection areas and municipal wellhead protection areas and indicates that a site is not suitable if the infiltrated stormwater will cause a violation of the Water Quality Standards for Ground Waters of the State of Washington. Verification monitoring is also required after a facility is completed to ensure that the pollutant removal objectives can be met and groundwater quality will be protected. Ontario does not currently have groundwater quality standards per se, however, an alternative approach for Ontario could follow the Source Protection legislation and regulations which are expected in the near future.
Clarity on Acceptable Hydrologic Analysis Techniques and Appropriate Design Storms and Model Parameters
It is probably a fair assessment that event-based modelling remains the state-of-the-practice and the guidance in Ontario Ministry of the Environment (2003) is largely based on this approach. This is by no means uncommon in current guidance: for example, New York and Maryland accept the use of event-based techniques such as the SCS/NRCS TR-55 method to compute peak discharge rates. This is largely a matter of tradition and with the computing resources currently available, there is really no reason that a shift to continuous modelling approaches cannot be accomplished (e.g., Strecker 2002) . Washington State Department of Ecology (2001) is requiring continuous modelling approaches but also provides acceptable "interim" procedures that are event-based.
A number of problems arise with event-based design approaches. These methods tend to overestimate pre-development runoff (Strecker 2002; Fennessey et al. 2001 ) by much greater amounts than post-development runoff, leading to under-sized facilities when post-to pre-development peak matching is the basis for sizing. Assumptions of high soil moisture and surface saturation levels and peaky rainfall distributions commonly lead to overestimates of pre-development runoff. If event-based design is to be used, greater effort should be made to specify acceptable parameter selections and design storm distributions. Ontario Ministry of the Environment (2003) contains no guidance of this type, although due to the size and variability of conditions within Ontario it may be more appropriate for local jurisdictions to develop detailed specifications. The Washington State Department of Ecology (2001) interim guideline restricts the variable assumptions to be used with the Santa Barbara Urban Hydrograph analysis technique: the flow path length assumed for sheet flow runoff in the pre-developed condition must not exceed 300 feet; Manning's effective roughness coefficient for pre-developed forest and pasture conditions should be 0.80 and 0.15, respectively; and curve numbers for pre-developed forest and pasture must be selected from the "fair" category. Maryland Department of the Environment (2000) includes a requirement to consider non-forested, vegetated areas to be meadow in good condition for pre-development peak flow calculations.
Another important advantage of continuous hydrologic simulation versus event-based modelling is that gradual land use change, management strategies, and climate change trends can be incorporated in the long-term simulations to predict water quality for various potential management/climate change scenarios. The time series of water quality simulations using the continuous model can be post-processed to develop probability of exceedance curves for various contaminants and determine the risk of exceedance above water quality targets set for the receiving waters. In addition, the frequency analysis of the long-term continuous water quality simulation data can be used for detailed impact assessment on various fish habitats and can take into account the background concentration levels in the receiving waters.
Meek and Liang (1998) reported on a series of monitoring studies to assess the water quality performance of stormwater management ponds in Ontario. They observed that most SWMPs have typically 60 to 80% suspended sediment removal efficiency and 40 to 50% total phosphorus removal efficiency. However, significant variability in performance was observed from facility to facility. Greater than anticipated removal rates were attributed to a flocculent settling mechanism. Lower than anticipated removal rates were attributed to short-circuiting of flow and re-suspension of deposited sediments. The use of more sophisticated settling and flow dynamics models was advocated for evaluation and enhanced design of stormwater management ponds. Study of flow circulation patterns and the processes of flocculation, deposition, build-up, and wash-off of fine-size suspended sediments in various zones in a stormwater management pond can assist in improvement of the design of the ponds to achieve higher efficiencies in removal of fine-size suspended sediments and sediment-bound pollutants.
Changes in the intensity and frequency of storm events in response to global warming are now a reality. These changes are ongoing, as apparent, although largely unquantified, from long-term precipitation and temperature records. Whether event or continuous modelling is used, consideration needs to be given to the fact that trends in climate change may have a significant effect on estimated storage requirements for stormwater management facilities. For example, Adamowski et al. (2004) conducted a linear trend analysis on rainfall intensity-duration data from 15 meteorological stations in Ontario. The estimated magnitude (rate, mm/hour) and direction of trend (increasing, decreasing, or no trend) were estimated and then used to quantify the effect of trend on the frequency of storms. They determined that due to the existence of trends (which might be attributed to climate change) the storms of a given duration might occur two to three times more frequently in the future. For example, a 5-min duration, 130 mm/hour intensity storm event in the Oshawa area would have a return period of approximately 7 years (with trend) and 22 years (without trend). For the 1-hour duration, the results show that the return period is approximately 9 years (with trend) and 31 years (with no trend) for a constant intensity of 50 mm/hour. Considering the lifetime of stormwater management ponds that are designed today based on the current MOE guideline, we may need to revise the water quality storage requirements for stormwater management ponds to take into account the trend in climate change.
Monitoring: Performance Assessments and Response of Receiving Water Systems
Advancement of guidance for planning and design of stormwater management practices can only be accomplished through monitoring and research. Performance assessments, in relation to more traditional flood control and water quality objectives have been carried out, albeit not always effectively. Most studies have focussed on the inflows and outflows of individual structural BMPs. Further research is needed to elucidate internal processes and mechanisms governing pollutant removal and with the continual evolution of designs, there continues to be a need for studies that evaluate the ability of new designs to achieve design objectives. To accomplish this, the focus should be on monitoring state-of-the-art designs, which have been properly constructed and maintained. Careful attention needs to be given to experimental design and monitoring and analysis protocols to reduce chances that results will be inconclusive.
With the philosophical change to a treatment train approach and the evolution to multi-objective stormwater management, there is also a need for new approaches to performance assessments. A number of participants at a 2003 workshop "Stormwater Monitoring and Research in Ontario," recognized a disconnection between effluent monitoring and the ultimate effects on receiving waters and aquatic organisms (Bradford 2003) . Since an important goal of stormwater management is ultimately to protect aquatic habitat and biota, it is desirable to evaluate stormwater practices not only in terms of effluent characteristics but also in terms of receiving water responses. "Linking Stormwater BMP Designs and Performance to Receiving Water Impact Mitigation" was also the title of a conference sponsored by the Environmental and Water Resources Institute of ASCE, which was held in 2001. As discussed throughout this paper, many authorities support the use of a broad range of stormwater management practices as a means of mitigating the impacts of urbanization on receiving waters. However, there is a paucity of studies and data directed at assessing the ability of stormwater practices to mitigate receiving water impacts (e.g., Strecker and Urbonas 2002; Horner et al. 2002) .
It is well known that urbanization affects the hydrologic regime and that aquatic biota will respond to changes in the hydrologic regime. What is much less clear is the chain of events that will result from a dis-turbance, or the cause and effect linkages. Changes in the hydrologic regime may directly affect aquatic biota, or may indirectly affect biota through intermediate effects on water quality, geomorphology and habitat, or food webs and energy sources (Poff et al. 1997) . To improve our designs, it is important to identify the path (e.g., thermal impacts, suspended solids load, or channel erosion) that elicited the ultimate biotic response. In different systems, a disturbance may propagate along different pathways; the governing conditions or limiting factors may vary from watershed to watershed. Improved understanding of watershed responses requires monitoring of a variety of parameters including water quantity, water quality, habitat and biotic measures. Strecker and Urbonas (2002) make the important point that studies that show that BMPs do not result in mitigation of receiving water impacts (e.g., Maxted and Shaver 1996) may arise because the BMPs implemented effectively address only a subset of the effects of urbanization.
There are many challenges in assessing the ability of stormwater management practices to mitigate receiving water impacts. The system will be responding to urbanization and stormwater mitigation techniques but also other watershed land uses, activities, and management practices. The multitude of factors involved makes it difficult to identify what has caused the observed results. The larger the receiving water system and tributary watershed relative to the size of the contributing urban area, the more challenging it will be to isolate the effects of urban BMPs. Sources of natural variability also make cause and effect relationships elusive. Time scales for ecosystem responses are also an important consideration: channel adjustment is a longterm process and biotic responses may depend on organism lifespans. Some responses will depend upon the chance occurrence of more extreme events during the monitoring period.
Nevertheless, stormwater management infrastructure represents a very significant investment and it is necessary to demonstrate the effectiveness of such investment. We need to be able to improve designs of stormwater management practices and systems but we also need to be able to adjust design criteria if the full range of stormwater management objectives are not being achieved.
The foregoing discussion suggests that a successful study approach for assessing the ability of stormwater BMPs to mitigate receiving water impacts would:
• Select a receiving water system in which the contributing urban area comprises a substantial proportion of the tributary watershed.
• Involve a comprehensive stormwater management approach utilizing BMPs that address all known limiting factors.
• Include long-term monitoring and utilize hybrid approaches such as before and after studies AND paired watershed studies.
• Include careful selection of evaluation metrics that include physical, biological and chemical indicators.
Burton and Pitt (2002) provide considerable information on monitoring and assessment techniques for a wide range of ecosystem components.
Conclusions
Ontario is among the more "environmentally progressive" provinces and states that are seeking to achieve multiple stormwater objectives, including protection of ground and surface water quality; prevention of increases in stream channel erosion; maintenance of stream baseflow; and protection of aquatic habitat in order to protect the ecological integrity of receiving waters. Criteria setting and design procedures for channel protection have been advanced. There remain opportunities to enhance stormwater management design criteria to better address ecosystem needs in terms of maintaining pre-development frequency, timing and duration of high flows of various magnitudes.
Eighty percent suspended solids removal is a commonly cited performance criterion for water quality treatment facilities. However, a criterion specified in terms of removal efficiency is not sufficient to ensure that effluent concentrations and loadings are within acceptable ranges. Used in conjunction with effluent limits, which may be specified in "permits" or in conjunction with minimum requirements for source controls, better environmental outcomes may be expected. There is a need to revisit the adequacy of water quality criteria specified entirely in terms of suspended solids removal.
A shift to continuous modelling approaches is desirable since continuous hydrologic models can incorporate gradual land-use change, management strategies, and climate change trends in long-term simulations to predict water quality and quantity under various scenarios. The time series produced by water quality and quantity simulations can be post-processed to develop probability of exceedance curves for various parameters and determine the risk of exceedance above in-stream quantity and quality targets set for the receiving waters. Changes in the intensity and frequency of storm events in response to the global warming demand that consideration be given to the effect that trends in climate change may have on storage requirements for stormwater management facilities.
Stormwater management practices must counteract the decreased infiltration and recharge associated with urban development. However, threats to groundwater quality must be considered and addressed in the planning and design of stormwater management practices aimed at achieving recharge objectives. The natural hydrologic cycle can be maintained to the greatest extent possible with lot-level infiltration controls. Infiltration of runoff near its source, before it has had the opportunity to interact with urban surfaces where contaminants tend to accumulate, also helps to avoid the conflict between groundwater quantity and quality objectives. Source control practices are in general smaller and less obtrusive facilities that are more aesthetically pleasing, less burdensome on those responsible for long-term maintenance and performance and more cost effective than end-of-pipe facilities. Stronger incentives in Ontario to implement pollution prevention and low impact development practices, including lotlevel infiltration, would help to shift the state-of-practice from over-reliance on stormwater management ponds to the more comprehensive suite of practices required to mitigate receiving water impacts. Monitoring and research is needed to continue to refine the
